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In the framework of the color-magnetic interaction, we systematically investigate the mass splittings of the
QQQ¯q¯ tetraquark states and estimated their rough masses in this work. These systems include the explicitly
exotic states ccb¯q¯ and bbc¯q¯ and the hidden exotic states ccc¯q¯, cbb¯q¯, bcc¯q¯, and bbb¯q¯. If a state around the
estimated mass region could be observed, its nature as a genuine tetraquark is favored. The strong decay patterns
shown here will be helpful to the experimental search for these exotic states.
PACS numbers: 14.40.Rt, 2.39.Jh
I. INTRODUCTION
In the past decade, many exotic XYZ states were ob-
served in experiments [1–11]. Among them, the charged
charmonium-like or bottomonium-like states, the Z(4430)
[12–15], the Z1(4050) [16], the Z2(4250) [16], the Zc(3900)
[17–20], the Zc(3885) [21–23], the Zc(4020)[24, 25], the
Zc(4025)[26, 27], the Zc(4200)[14], the Zb(10610) [28] and
the Zb(10650) [28], are considered as possible tetraquatk can-
didates with two heavy quarks. They are also good meson-
antimeson molecule candidates.
Besides the hidden flavor case, the exotic charmed mesons
also stimulated heated discussions on tetraquark candidates.
The possible candidates of the exotic charmed mesons
Ds(2317) [29–31], Ds(2460) [30, 31] and Ds(2632) [32]
have attracted much attention due to the deviation of their
masses from the quark model expectations [33] and their un-
expected decay properties. Cheng and Hou [34] interpreted
the Ds(2317) as a cqq¯s¯ state to explain its mass and decay be-
haviors. In Ref. [35], Chen and Li proposed that the Ds(2317)
(Ds(2460)) is a DK (D∗K) molecule while the Ds(2632) is a
cs¯ss¯ state. The decay processes Ds(2317) → D+s pi0,D∗+s γ are
studied in a four-quark meson assumption in Ref. [36], which
favors the assignment as an iso-triplet. Maiani et al. suggested
the Ds(2632) as a [cdd¯s¯] state [37] to explain that the D0K+
mode is suppressed with respect to the D+s η channel. On the
other hand, Liu et al. [38] proposed that the anomalous decay
ratio of the Ds(2632) can be understood by assuming a four
quark state wave function 1
2
√
2
(dsd¯+ sdd¯+ suu¯+usu¯−2sss¯)c¯.
The Ds(2632) was not confirmed later. The Ds(2317) and the
Ds(2460) mesons are probably conventional charm-strange
mesons which are affected largely by the coupled channel ef-
fects [39]. The existence of the open flavor tetraquarks re-
mains elusive.
Recently, the DØ Collaboration [40] reported a structure
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X(5568) in the B0spi
± invariant mass distribution. This narrow
state is about 200 MeV below the BK¯ threshold. Thus, the
X(5568) could be a tetraquark state with four different flavors
[41–54] rather than a molecule state because the binding is too
deep for a weak BK¯ interaction in the isovector case [55–58].
Later, the LHCb Collaboration also investigated the X(5568)
state [59], but found no significant signals, which led some
theorists to doubt whether the X(5568) is a genuine resonance
[60–70]. The CMS Collaboration did not confirm the state, ei-
ther [71]. In this work, we move on to the four quark systems
with more heavy quarks to search for more compact tetraquark
states, such as QQQ¯Q¯.
In Ref. [72], a structure composed of a charm-anticharm
quark pair as well as a light quark-antiquark pair, cc¯qq¯, was
proposed. Other exotic mesons with hidden charm including
cc¯cc¯ were also discussed. After that, more groups discussed
the existence of such exotic states in various methods [73–
80]. There are different opinions on the stability of the cc¯cc¯
system. Whether such superheavy tetraquark states exist or
not awaits experimental judgement in the future.
Usually, it is difficult for one to distinguish a meson-
antimeson molecule from a compact tetraquark. However, for
the QQQ¯Q¯ system, the binding force comes from the short-
range gluon exchange and a molecule configuration is not fa-
vored. If such states do exist, it is also possible that the com-
pact tetraquarks with three heavy quarks and one light quark
QQQ¯q¯ may exist. The binding force is also provided by the
short-range gluon exchange. These states look like the excited
D or B mesons.
Recently, two excited nucleon states Pc(4380) and
Pc(4450) were observed by the LHCb Collaboration [81–83],
where a charm-anticharm pair is excited. Such pentaquarks
were predicted in the baryon-meson picture in Refs. [84–87].
It is also possible that a cc¯ or bb¯ pair may be excited in the
charmed or bottomed mesons. Once such states are really ob-
served, their molecule assignment is not supported while the
tetraquark nature is favorable. The experimental and theoret-
ical search for this kind of tetraquark states is missing, as far
as we know. In this work, we perform a systematic analysis of
the mass spectrum of the QQQ¯q¯ system, which may provide
important information for future experimental research.
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2Because the interaction strengths between (anti)quarks may
be different, it is usually assumed that the diquark substructure
exists in multiquark states, which is reflected in the mass spec-
tra. In studying pentaquark states [88], it was argued that the
triquark (qqq¯) substructure results in a lower hadron mass. If
one specifies the substructure with a given color-spin state,
the two configurations result in different spectra. Here we
consider all possible color-spin states and finally diagonal-
ize the Hamiltonian. To understand whether they are equiv-
alent for the compact QQQ¯q¯ system, we estimate the mass
in the diquark-antidiquark (QQ)(Q¯q¯) picture and the triquark-
antiquark (QQQ¯)q¯ picture. One will see that, for the present
systems, the two configurations give the same results once the
diagonalization is performed.
This paper is organized as follows. In Sec. II, we present
the formalism of our calculation. In Sec. III, we show the
numerical results for the various QQQ¯q¯ systems. Finally, we
give some discussions and a short summary in the last section.
II. FORMALISM
In Ref. [89], de Rujula, Georgi, and Glashow proposed
a nonrelativistic Hamiltonian which consists of the one-gluon
exchange potential and a non-perturbative scalar confining po-
tential. For the S -wave ground states, the spin-orbit and the
tensor interactions may be ignored. Then, the Hamiltonian
has the form
H =
∑
i
(mi +
p2i
2mi
) +
∑
i< j
V1(ri j)λi · λ j
+
∑
i< j
V2(ri j)λi · λ jσi · σ j, (1)
where mi is the constituent quark mass of the i-th quark, pi
is the three-momentum of the i-th quark, ri j is the distance
between the quarks labeled with i and j, and σx,y,zi (λ
1,2,··· ,8
i )
are the Pauli (Gell-Mann) matrices corresponding to the i-th
quark. For antiquarks, λi should be replaced by −λ∗i . The
potential V1(r) includes the color-coulomb, color-electric, and
confinement terms while the potential V2(r) is a short-range
contact term. The resulting eigenvalues of this Hamilto-
nian are the masses of the two-quark mesons or three-quark
baryons.
According to this model, the mass splittings between the
ground state hadrons with the same quark content are deter-
mined mainly by the color-spin (chromomagnetic or color-
magnetic) interaction. For example, this interaction term ac-
counts for the mass difference between the nucleon and the ∆
resonance. When we mainly focus on the mass splittings, one
may reduce the above formula to the following simple form
after the average in the coordinate space is taken,
H = H0 + HCM
=
∑
i
me f fi −
∑
i< j
Ci jλi · λ jσi · σ j, (2)
where me f fi is the effective mass of the i-th quark which in-
cludes the constituent quark mass and the binding effects.
The coupling constant Ci j = c0〈δ(ri j)〉/(mim j), which is a
real number, is determined by the wave function and the con-
stituent quark mass, where c0 is related to the interaction con-
stant. The reduction may be performed because 〈λi ·λ j〉 = − 163
for all the two-quark mesons and − 83 for all the three-quark
baryons. In principle, the value of an effective quark mass in
one system may be different from that in another system.
In the study of S -wave compact multiquark states, the av-
erage of 〈λi · λ j〉 depending on the color structure of the two
quarks or the quark-antiquark pair may be − 83 for 3¯c, 43 for
6c, − 163 for 1c, or 23 for 8c. Probably all these numbers con-
tribute to a multiquark state with a given quark content and the
above reduction might seem problematic at first sight. How-
ever, the multiquark hadron must be a color singlet state and
its color wave function is a linear superposition of different
color configurations. The distribution of the color configura-
tions is roughly determined by the kinetic term and the V1 term
in Eq. (1), which defines the multiquark multiplet. Once the
color distribution or the full wave function of the multiquark
state is known, one may further get the mass splittings with
the V2 term. In other words, the above reduced Hamiltonian
is also applicable to the multiquark systems. Various inves-
tigations with this simple model in studying the mass spec-
tra of multiquark states may be found in the literature, e.g.
[80, 90–94]. For the present Q1Q2Q¯3q¯4 system, the explicit
CMI (color-magnetic interaction) term is
HCM = −C12λ1 · λ2 σ1 · σ2 −C34λ∗3 · λ∗4 σ3 · σ4
+
∑
i=1,2; j=3,4
Ci jλi · λ∗jσi · σ j. (3)
In order to calculate the color-spin matrix elements, we
adopt the formalism in Ref. [95, 96]. First, we construct
the color and spin wave functions by using both the diquark-
antidiquark and the triquark-antiquark configurations, and
then calculate the color and spin matrix elements with the
Hamiltonians HC = −∑i< jCi jλi · λ j and HS = −∑i< jCi jσi ·
σ j, respectively. Finally, we get the 〈HCM〉 matrices after per-
forming a type of “tensor product” of 〈HC〉 and 〈HS 〉.
We take the calculation of the matrix element
〈φαχx|HCM |φβχy〉 as an example to illustrate the mean-
ing of the “tensor product”. Here, φα or φβ (χx or χy)
indicates the color (spin) wave function of a tetraquark sys-
tem. If one has obtained 〈χx|HS |χy〉 = aSC12 +bSC13 + · · · and
〈φα|HC |φβ〉 = aCC12 + bCC13 + · · · , one gets 〈φαχx|HCM |φβχy〉
= −[(aS ∗ aC)C12 + (bS ∗ bC)C13 + · · · ].
In the diquark-antidiquark configuration, the allowed base
vectors in spin space read
χ1 = |(Q1Q2)1(Q¯3q¯4)1〉2, χ2 = |(Q1Q2)1(Q¯3q¯4)1〉1,
χ3 = |(Q1Q2)1(Q¯3q¯4)1〉0, χ4 = |(Q1Q2)1(Q¯3q¯4)0〉1,
χ5 = |(Q1Q2)0(Q¯3q¯4)1〉1, χ6 = |(Q1Q2)0(Q¯3q¯4)0〉0, (4)
where the notation on the right hand side is |(Q1Q2)spin
(Q¯3q¯4)spin〉spin. Similarly, the base vectors in spin space in
the triquark-antiquark configuration are
ζ1 = |[(Q1Q2)1Q¯3] 3
2
q¯4〉2, ζ2 = |[(Q1Q2)1Q¯3] 3
2
q¯4〉1,
3ζ3 = |[(Q1Q2)1Q¯3] 1
2
q¯4〉1, ζ4 = |[(Q1Q2)1Q¯3] 1
2
q¯4〉0,
ζ5 = |[(Q1Q2)0Q¯3] 1
2
q¯4〉1, ζ6 = |[(Q1Q2)0Q¯3] 1
2
q¯4〉0, (5)
where the notation |[(Q1Q2)spinQ¯3]spinq¯4)〉spin is used. With
the explicit spin wave functions, one finds that χ1 = ζ1, χ3 =
ζ4, χ5 = ζ5, and χ6 = ζ6.
The color wave functions for the diquark belong to the 6c
or 3¯c representation, while those of the anti-diquark belong to
the 6¯c or 3c representation. In the diquark-antidiquark config-
uration, the base vectors in color space are
φ1 = |(Q1Q2)6(Q¯3q¯4)6¯〉, φ2 = |(Q1Q2)3¯(Q¯3q¯4)3〉, (6)
where the superscripts are color representations. In the
triquark-antiquark configuration, there are two triplet repre-
sentations 3MS and 3MA for the triquark where MS (MA)
means that the first two quarks are symmetric (antisymmet-
ric). The base vectors |(Q1Q2Q¯3)3MS q¯4〉 and |(Q1Q2 Q¯3)3MA q¯4〉
seem different from those in the diquark-anti-diquark config-
uration. However, we find that the two configurations give the
same results by constructing the explicit color wave functions.
That is,
φ1 = |(Q1Q2)6(Q¯3q¯4)6¯〉 = |(Q1Q2Q¯3)3MS q¯4〉
=
1
2
√
6
[2(bbb¯b¯ + rrr¯r¯ + ggg¯g¯) + rbb¯r¯ + rbr¯b¯ + brb¯r¯
+brr¯b¯ + gbb¯g¯ + gbg¯b¯ + bgb¯g¯ + bgg¯b¯ + grr¯g¯ + grg¯r¯
+rgg¯r¯ + rgr¯g¯],
φ2 = |(Q1Q2)3¯(Q¯3q¯4)3〉 = |(Q1Q2Q¯3)3MA q¯4〉〉
=
1
2
√
3
[grr¯g¯ − grg¯r¯ − rgr¯g¯ + rgg¯r¯ + rbb¯r¯ − rbr¯b¯
−brb¯r¯ + brr¯b¯ − gbg¯b¯ + gbb¯g¯ + bgg¯b¯ − bgb¯g¯]. (7)
For the color ⊗ spin wave functions, the possible Pauli
principle restriction has to be considered. In the diquark-
antidiquark configuration, we have
φ1χ1 = |[(Q1Q2)61(Q¯3q¯4)6¯1〉2δ12,
φ1χ2 = |(Q1Q2)61(Q¯3q¯4)6¯1〉1δ12,
φ1χ3 = |(Q1Q2)61(Q¯3q¯4)6¯1〉0δ12,
φ1χ4 = |(Q1Q2)61(Q¯3q¯4)6¯0〉1δ12,
φ1χ5 = |(Q1Q2)60(Q¯3q¯4)6¯1〉1,
φ1χ6 = |(Q1Q2)60(Q¯3q¯4)6¯0〉0, (8)
φ2χ1 = |(Q1Q2)3¯1(Q¯3q¯4)31〉2,
φ2χ2 = |(Q1Q2)3¯1(Q¯3q¯4)31〉1,
φ2χ3 = |(Q1Q2)3¯1(Q¯3q¯4)31〉0,
φ2χ4 = |(Q1Q2)3¯1(Q¯3q¯4)30〉1,
φ2χ5 = |(Q1Q2)3¯0(Q¯3q¯4)31〉1δ12,
φ2χ6 = |(Q1Q2)3¯0(Q¯3q¯4)30〉0δ12, (9)
where δ12 = 0 if Q1 and Q2 are identical quarks, and δ12 =
1 for the other cases. Similarly, the triquark-antiquark base
vectors in the color ⊗ spin space are
φ1ζ1 = |[(Q1Q2)1Q¯3]3MS3
2
q¯4〉2δ12,
φ1ζ2 = |[(Q1Q2)1Q¯3]3MS3
2
q¯4〉1δ12,
φ1ζ3 = |[(Q1Q2)1Q¯3]3MS1
2
q¯4〉1δ12,
φ1ζ5 = |[(Q1Q2)0Q¯3]3MS1
2
q¯4〉1,
φ1ζ4 = |[(Q1Q2)1Q¯3]3MS1
2
q¯4〉0δ12,
φ1ζ6 = |[(Q1Q2)0Q¯3]3MS1
2
q¯4〉0, (10)
φ2ζ1 = |[(Q1Q2)1Q¯3]3MA3
2
q¯4〉2,
φ2ζ2 = |[(Q1Q2)1Q¯3]3MA3
2
q¯4〉1,
φ2ζ3 = |[(Q1Q2)1Q¯3]3MA1
2
q¯4〉1,
φ2ζ5 = |[(Q1Q2)0Q¯3]3MA1
2
q¯4〉1δ12,
φ2ζ4 = |[(Q1Q2)1Q¯3]3MA1
2
q¯4〉0,
φ2ζ6 = |[(Q1Q2)0Q¯3]3MA1
2
q¯4〉0δ12. (11)
To exhaust all possible configurations of the QQQ¯q¯ system,
one replaces each Q by either c or b quark. The cases we
need to study are: bbb¯q¯, bbc¯q¯, bcb¯q¯, bcc¯q¯, ccc¯q¯, and ccb¯q¯
(q = u, d, s). They can be divided into two classes: (1) bbb¯q¯,
bbc¯q¯, ccc¯q¯ and ccb¯q¯; and (2) bcb¯q¯ and bcc¯q¯. Because of the
Pauli principle for the first class, δ12 = 0 has to be adopted and
thus there are 6 independent color ⊗ spin bases. The second
class is not constrained by the Pauli principle and there are
twelve independent bases.
A. The bbb¯q¯, bbc¯q¯, ccc¯q¯ and ccb¯q¯ systems
The quantum numbers of these systems are I(JP) = 12 (2
+),
1
2 (1
+), or 12 (0
+) when q = u, d. The isospin is 0 if q = s.
To write the CMI (color-magnetic interaction) matrices in a
convenient form, we define the combinations of the effective
couplings: µ = 3C12 − C34, ν = C12 − 3C34, α = C12 + C34,
β = C13 + C14, γ = C23 + C24, η = C13 − C14, τ = C23 − C24,
β′ = C13 + C23, γ′ = C14 + C24, η′ = C13 − C23, and τ′ =
C14 −C24.
In the case J = 2, there is only one state: φ2χ1 = ψ2ζ1. The
average of the CMI is 〈HCM〉 = 83 (α + β) in both the diquark-
antidiquark and triquark-antiquark configurations. For a state
with given quark content, one replaces the Ci j with the appro-
priate number. For example, for the bbb¯q¯ system, C12 = Cbb,
C13 = C23 = Cbb¯, and so on.
With the diquark-antidiquark base (φ2χ3, φ1χ6)T , the CMI
matrix in the J = 0 case is
〈HCM〉 =
(
8
3 (α − 2β) 4
√
6β
4α
)
. (12)
Since (φ2ζ4, φ1ζ6)T = (φ2χ3, φ1χ6)T , one also gets this matrix
in the triquark-antiquark configuration.
4In the J = 1 case, one has different CMI matrix elements
for the two configurations. The obtained matrix is
〈HCM〉 =

8
3 (α − β) 8
√
2
3 η 8η
8
3ν −4
√
2β
4
3µ
 (13)
with the diquark-antidiqurk base vector (φ2χ2, φ2χ4, φ1χ5)T .
In the triquark-antiquark configuration, one gets
〈HCM〉 = 49 ×
(µ + 3ν + 3β′ − 5γ′) √2(µ − 3ν − 2γ′) −6√3γ′
2(µ − 3β′ + γ′) 9√
6
(3β′ − γ′)
3µ

(14)
with the base vector (φ2ζ2, φ2ζ3, φ1ζ5)T . The last matrix ele-
ments in the two configurations are the same because φ1ζ5 =
φ1χ5.
B. The bcb¯q¯ and bcc¯q¯ systems
The wave functions are not constrained by the Pauli princi-
ple and we have δ12 = 1. When the total spin of such systems
is J = 2, the allowed base states are φ1χ1 and φ2χ1 in the
diquark-antidiquark configuration. Then the CMI matrix is
〈HCM〉 =
(
4
3 (2α + β + γ) −2
√
2(η − τ)
2
3 (−2α + 5β + 5γ)
)
. (15)
We use the base vector (φ2χ3, φ2χ6, φ1χ3, φ1χ6)T for the
CMI matrix in the diquark-antidiquark configuration when the
total spin is 0 and get
〈HCM〉 =
8
3 (α − β − γ) 4√3 (τ − η) 4
√
2(η − τ) 2√6(β + γ)
−8α 2√6(β + γ) 0
4
3
( −α−
5β − 5γ
)
10√
3
(τ − η)
4α

.
(16)
In the case of J = 1, we use (φ1χ2, φ1χ4, φ1χ5, φ2χ2, φ2χ4,
φ2χ5)T as the base vector for CMI in the diquark-antidiquark
configuration. The obtained CMI matrix are given in eq. (17)
below.
From (φ1ζ1, φ2ζ1)T = (φ1χ1, φ2χ1)T and (φ1ζ4, φ1ζ6, φ2ζ4,
φ2ζ6)T = (φ1χ3, φ1χ6, φ2χ3, φ2χ6)T , it is easy to understand
that the CMI matrices in the triquark-antiquark configuration
are the same as the above ones for the tensor (J = 2) and
scalar (J = 0) systems, respectively. The difference only oc-
curs in the case of J = 1. If we choose the base vector (φ1ζ2,
φ1ζ3, φ1ζ5, φ2ζ2, φ2ζ3, φ2ζ5)T , the obtained CMI matrix in the
triquark-antiquark configuration is shown in eq. (18) below.
III. NUMERICAL RESULTS
A. Parameters
The parameters CQq (Q = c, b, q = n, s with n = u, d)
can be extracted from the masses of charmed and bottom
baryons while the parameters CQQ¯ (CQq¯) are determined from
the heavy quarkonium (D and B) mesons. We list the derived
parameters in Tab. I. For Cbc¯, Cbc, Cbb and Ccc, since the rel-
evant baryons are not observed in experiments, we use an es-
timation Cbc¯ = 3.3 MeV from a quark model calculation [33]
and use the approximation Ccc = Ccc¯, Cbc = Cbc¯, Ccc = Ccc¯
and Cbb = Cbb¯.
The present study is not a dynamical calculation and we
use two schemes to estimate roughly the mass of the QQQ¯q¯
systems. In the first scheme, we use the effective quark masses
me f fc = 1724.8 MeV, m
e f f
b = 5052.9 MeV, m
e f f
n = 361.8 MeV
and me f fs = 540.4 MeV as inputs. These masses are extracted
from the known baryons. We have shown in Ref. [94] that
these values lead to overestimated meson masses and give an
upper limit for the ground state tetraquarks. In the second
scheme, we determine the tetraquark masses by comparing to
the threshold of a two-meson system. We will mainly focus on
the results in the second scheme. The meson masses we will
use in this work are [97]: mΥ = 9460.3 MeV, mηb = 9398.0
MeV, mJ/ψ = 3096.9 MeV, mηc = 2983.6 MeV, mD = 1864.8
MeV, mD∗ = 2007.0 MeV, mDs = 1968.3 MeV, mD∗s = 2112.1
MeV, mB = 5279.4 MeV, mB∗ = 5325.2 MeV, mBs = 5366.8
MeV, mB∗s = 5415.4 MeV, and mBc = 6275.6 MeV.
B. The bbb¯q¯, bbc¯q¯, ccc¯q¯ and ccb¯q¯ systems in
diquark-antidiquark configuration
By substituting the parameters into the CMI matrices in the
previous section and diagonalizing the matrices, we obtain the
eigenvalues of the CMI and the tetraquark masses with M =∑
i mi + 〈HCM〉. In the second scheme, we use the formula
M = Mre f − 〈HCM〉re f + 〈HCM〉, where re f means a reference
two-meson system and Mre f is its threshold.
We present the CMI matrices, eigenvalues, eigenvectors
and the estimated masses for the ccc¯n¯ (n = u, d) and the ccc¯s¯
systems in Table II. If these states really exist, probably the
masses are slightly above the values in the last column. The
reason is that the mass estimated with a color-spin interaction
seems underestimated and a correction from the additional ki-
netic energy is probably needed [94, 98]. The mass splitting
between the ccc¯n¯ tetraquarks with different spins is at most
250 MeV. The maximum splitting for the ccc¯s¯ tetraquarks is
similar. We plot the relative positions of these states in Fig. 1,
where the masses in the threshold approach are adopted.
The quantum numbers of these ccc¯n¯ (ccc¯s¯) tetraquarks are
the same as those of D∗0, D1, and D
∗
2 (D
∗
s0, Ds1, and D
∗
s2). The
orbital or radial excitation cannot induce a state 2500 MeV
higher than the ground state. Therefore, once the predicted
states could be observed, it is easy to identify them as D- or
D+s -like mesons with an excited charm-anticharm pair. The ar-
5〈HCM〉 =

− 23 (2α + 5β + 5γ) 10
√
2
3 (η + τ)
−10√2
3 (β − γ) 2
√
2(η − τ) −4(β − γ) 4(η + τ)
− 43ν 103 (η − τ) −4(β − γ) 0 −2
√
2(β + γ)
4
3µ 4(η + τ) −2
√
2(β + γ) 0
4
3 (2α − β − γ) 4
√
2
3 (η + τ)
4
√
2
3 (−β + γ)
8
3ν
4
3 (η − τ)− 83µ

. (17)
〈HCM〉 = 29

( −µ + 15β′
−3ν − 25γ′
) √
2
(
3ν − µ
−10γ′
)
−10√6τ′ −3√2(3η′ + 5τ′) −12τ′ −12√3γ′
2
(
5γ′ − µ
−15β′
)
−5√3(3η′ + τ′) −12τ′ 6√2(3η′ + τ′) 3√6(3β′ − γ′)
6µ −12√3γ′ 3√6(3β′ − γ′) 0
2
(
µ + 3ν+
3β′ − 5γ′
)
2
√
2
(
µ − 3ν
−2γ′
)
−4√6τ′
4
(
µ + γ′
−3β′
)
−2√3(3η′ + τ′)
−12µ

. (18)
gument is similar to the work in predicting the hidden charm
pentaquarks [84]. Compared with the pentaquark case, the
binding force for the present system is dominantly provided
by the gluon exchange interaction. The contribution from the
meson exchange is highly suppressed and the interaction be-
tween a charmonium and a heavy-light meson is not strong.
As a result, a molecule or cusp interpretation is not favored
once the resonance structure is observed. In this sense, one
may observe a genuine tetraquark.
Let us take a look at the possible S -wave strong decay chan-
nels of these compact tetraquark states from Fig. 1. For the
scalar states, the dominant channels are possibly ηcD, ηcDs,
J/ψD∗, and J/ψD∗s. For the axial vector states, possible decay
channels are J/ψD, J/ψD∗, ηcD∗, J/ψDs, J/ψD∗s, ηcD∗s. For
the tensor states, the possible decay channels are J/ψD∗ and
J/ψD∗s. Whether relevant channels are open or not depends on
the tetraquark mass and flavor conservation. For example, the
tensor meson with M = 5097 (5203) is around the threshold
of J/ψD∗ (J/ψD∗s) and the decay is marginal. However, it is
still possible to find a resonance slightly above the threshold if
one considers the limitation of the present estimation method.
More channels are possible if the D-wave decays are consid-
ered. In Fig. 1, we present several numbers in the subscript
of the meson-meson states. When a number is equal to the
spin of an initial state, the decay for the initial state into that
meson-meson channel through S - or D-wave is allowed.
By replacing the charm quark with the bottom quark, we
get the results for the bbb¯n¯ and bbb¯s¯ systems in Table III. The
rough position is also given in Fig. 1 and similar analysis for
the possible decay channels is straightforward.
Now we move on to the ccb¯q¯ and bbc¯q¯ systems. Such states
are explicitly exotic. Up to now, the doubly charmed baryon
Ξcc has not been confirmed since the first announcement by
the SELEX Collaboration [99]. There is no experimental re-
sult on the search for the proposed Tcc (ccq¯q¯) tetraquark. But
their existence is not excluded. If one replaces a light anti-
quark in the Tcc with an anti-bottom quark, one gets a cur-
rently discussed tetraquark system ccb¯q¯. The exchange of
bottom and charm results in another exotic tetraquark system
bbc¯q¯. We present the results for the ccb¯q¯ and bbc¯q¯ systems in
Tabs. IV and V, respectively. In Fig. 2, we display the rough
positions of these possible tetraquarks, where the masses in
the threshold approach are adopted. It is easy to judge their
possible decays from the figure.
C. The bcb¯q¯ and bcc¯q¯ systems in the diquark-antidiaquark
configuration
The bcb¯q¯ and bcc¯q¯ are also hidden-bottom and hidden-
charm systems respectively. Their features are different from
the states in the last subsection. The former case corresponds
to the excited D and Ds mesons with much higher masses than
the ccc¯q¯. The latter case corresponds to the excited B¯ and B¯s
mesons with lower masses than the bbb¯q¯. Now the first two
heavy quarks are different in the flavor space and there is no
constraint from the Pauli principle. Therefore, the number
of allowed states is doubled. There are two types of meson-
meson threshold one may compare to, (cb¯)(bq¯) and (bb¯)(cq¯)
((bc¯)(cq¯) and (cc¯)(bq¯)) for the bcb¯q¯ (bcc¯q¯) case. We use both
of them in estimating the tetraquark masses. The number of
the possible strong decay channels is also bigger than in the
previous cases. We show the numerical results in Tabs. VI and
VII for the bcb¯q¯ and bcc¯q¯ systems, respectively. At present,
we cannot determine the accurate values of the masses with-
out solving the bound state problem. One needs further study
to answer which set of masses is more physical. The rough
positions for these states are given in Fig. 3, where we use
6TABLE I: The effective coupling parameters in units of MeV.
Hadron 〈HCM〉 Hadron 〈HCM〉 Parameter
N −8Cnn ∆ 8Cnn Cnn = 18.4
Σ 83Cnn − 323 Cns Σ∗ 83Cnn + 163 Cns Cns = 12.4
Ξ0 83 (Css − 4Cns) Ξ∗0 83 (Css + Cns)
Ω 8Css Css = 6.4
D −16Ccn¯ D∗ 163 Ccn¯ Ccn¯ = 6.7
Ds −16Ccs¯ D∗s 163 Ccs¯ Ccs¯ = 6.7
B −16Cbn¯ B∗ 163 Cbn¯ Cbn¯ = 2.1
Bs −16Cbs¯ B∗ 163 Cbs¯ Cbs¯ = 2.3
ηc −16Ccc¯ J/ψ 163 Ccc¯ Ccc¯ = 5.3
ηb −16Cbb¯ Υ 163 Cbb¯ Cbb¯ = 2.9
Σc
8
3Cnn − 323 Ccn Σ∗c 83Cnn + 163 Ccn Ccn = 4.0
Ξ′c
8
3Cns − 163 Ccn − 163 Ccs Ξ∗c 83Cns + 83Ccn + 83Ccs Ccs = 4.6
Σb
8
3Cnn − 323 Cbn Σ∗b 83Cnn + 163 Cbn Cbn = 1.3
Ξ′b
8
3Cns − 163 Cbn − 163 Cbs Ξ∗b 83Cns + 83Cbn + 83Cbs Cbs = 1.2
TABLE II: Results for the ccc¯q¯ systems in units of MeV. The masses in the fifth column are calculated with the effective quark masses, which
are theoretical upper limits. The last column lists masses estimated from the J/ψD (J/ψDs) threshold.
ccc¯n¯ system
JP 〈HCM〉 Eigenvalue Eigenvector Mass (J/ψD)
2+ 56.8 56.8 1 5593.0 5097.4
1+
 −7.2 −5.3 −11.2−5.3 −17.9 −67.9−11.2 −67.9 15.9

 −72.869.4−5.7

 {−0.17,−0.77,−0.61}{−0.07,−0.61, 0.79}{0.98,−0.18,−0.04}

 5463.45605.6
5530.5

 4967.85110.0
5034.9

0+
( −39.2 117.6
117.6 37.2
) ( −124.6
122.6
) [ {−0.81, 0.59}
{−0.59,−0.81}
] (
5411.6
5658.8
) (
4916.0
5163.3
)
ccc¯s¯ system
JP 〈HCM〉 Eigenvalue Eigenvector Mass (J/ψDs)
2+ 58.4 58.4 1 5773.2 5202.5
1+
 −5.6 −5.3 −11.2−5.3 −22.7 −67.9−11.2 −67.9 15.1

 −76.067.1−4.3

 {−0.15,−0.78,−0.60}{−0.08,−0.60, 0.80}{0.98,−0.17,−0.03}

 5638.85781.9
5710.5

 5068.25211.2
5139.8

0+
( −37.6 117.6
117.6 39.6
) (
124.7
−122.7
) [ {0.59, 0.81}
{−0.81, 0.59}
] (
5839.5
5592.1
) (
5268.9
5021.4
)
4916
5163
5269
5021
4968
5110
5035
5068
5211
5140
5097
5203
0+ 1+ 2+
(J/ψD)1,2
(J/ψD∗)0,1,2
(J/ψDs)1,2
(J/ψD∗s)0,1,2
(ηcD)0,2
(ηcD
∗)1,2
(ηcDs)0,2
(ηcD
∗
s)1,2
14707
14810
14795
14902
14791
14731
14757
14883
14822
14846
14782
14873
0+ 1+ 2+
(ΥB)1,2
(ΥB∗)0,1,2
(ΥBs)1,2
(ΥB∗s)0,1,2
(ηbB)0,2
(ηbB
∗)1,2
(ηbBs)0,2
(ηbB
∗
s)1,2
FIG. 1: Proposed ccc¯q¯ (left) and bbb¯q¯ (right) tetraquark states. The solid (dashed) line corresponds to the case q = u, d (q = s). The dotted
line indicates various meson-meson thresholds. When a number in the subscript of a meson-meson state is equal to the spin of an initial state,
the decay for the initial state into that meson-meson channel through S - or D-wave is allowed. The masses are given in units of MeV.
7the masses estimated with the BBc, BsBc, BJ/ψ, and BsJ/ψ
thresholds.
When discussing the decay patterns, we do not include pos-
sible final states containing B∗c. First, we focus on the bcb¯q¯
case. For the states with JP = 0+, possible S -wave channels
are ηbD, ΥD∗, B¯Bc, ηbDs, ΥD∗s, and B¯sBc. For the states with
JP = 1+, possible channels are ΥD, ηbD∗, ΥD∗, B¯∗Bc, ΥDs,
ηbD∗s, ΥD∗s, and B¯∗sBc. For the JP = 2+ states, possible chan-
nels are just ΥD∗ and ΥD∗s. Secondly, we take a look at the
bcc¯q¯ case. The possible S -wave channels for JP = 0+ are
ηcB¯, J/ψB¯∗, BcD, ηcB¯s, J/ψB¯∗s, and BcDs. For JP = 1+, the
channels are J/ψB¯, ηcB¯∗, J/ψB¯∗, BcD∗, J/ψB¯s, ηcB¯∗s, J/ψB¯∗s,
and BcD∗s. For JP = 2+, the channels are J/ψB¯∗ and J/ψB¯∗s.
More channels are possible if the D-wave decay is consid-
ered. Whether the channels are open or not is easy to judge
from Fig. 3.
D. Numerical results in triquark-q configuration
In section II, we have found that the diquark-antidiquark
configuration and the triquark-antiquark configuration give
identical results for the cases J = 2 and J = 0 because the
flavor-color-spin wave functions are the same. For the J = 1
case, their explicit spin wave functions are different, which
results from the coupling order in the spin space. The result-
ing color-spin bases are different and the CMI matrices are
not equal if the color-spin mixing is not considered. After the
diagonalization for the matrix 〈HCM〉 is performed, one finds
that the results in the two configurations are also equal. We
show in Tab. VIII the diagonal of the matrix and its eigenval-
ues in the triquark-antiquark configuration for the case J = 1.
It is obvious that the tetraquark spectra in these two configura-
tions are the same from the comparison with previous results.
By comparing the numbers in the two columns of Tab. VIII,
one understands the importance of the mixing effect in the
triquark-antiquark configuration.
IV. DISCUSSIONS
In this work, we have considered both the diquark-
antidiquark [(QQ)(Q¯q¯)] and triquark-antiquark [(QQQ¯)q¯]
configurations and obtained the same numerical results (Q =
c, b, q = u, d, s). We notice that one does not need to distin-
guish the configurations for a compact QQQ¯q¯ system once the
mixing between different color-spin states is considered.
The role of the color-spin mixing is different for the J = 2,
J = 1, and J = 0 cases in a specific system. For all the
discussed systems, the JP = 0+ states get the largest mass gap
from the mixing effect and all the highest and lowest states are
scalar. In our calculation, the largest mass gaps for the ccc¯n¯
(ccc¯s¯), bbb¯n¯ (bbb¯s¯), ccb¯n¯ (ccb¯s¯), bbc¯n¯ (bbc¯s¯), bcb¯n¯ (bcb¯s¯)
and bcc¯n¯ (bcc¯s¯) systems are 247 (248) MeV, 103 (107) MeV,
206 (206) MeV, 112 (116) MeV, 239 (240) MeV and 279
(285) MeV, respectively.
We have used two parameter schemes to estimate the
masses of the compact QQQ¯q¯ tetraquarks. In the effective
quark mass scheme, our results are only theoretical upper
limits. In the reference threshold method, the rough masses
probably are close to the physical ones. We collect the rough
masses for the systems in Table IX, where the tetraquark states
without constraint from the Pauli principle and those with
exotic flavor are labeled. The results are preliminary since
the calculation does not involve dynamics. More studies are
needed to clarify the mass spectrum of the QQQ¯q¯ systems.
Whether there exist possible stable QQQ¯q¯ tetraquarks also
needs dynamical investigations. It is easy to find the possi-
ble rearrangement decay patterns from Figs. 1, 2, and 3.
We have used an oversimplified model to calculate the mass
splittings which are determined by the effective coupling con-
stants and the color-spin structures. To extract the values of
the coupling constants, we have assumed that they are equal
to those in the conventional hadrons. Since the effective cou-
plings are actually related to the orbital wave functions which
are not necessarily the same for different hadrons, one has to
explore whether this extended application is appropriate or
not in the future. In addition, since the contributions from
the kinetic term, color Coulomb term, and confinement term
are equivalently incorporated in the effective quark masses,
one has to employ an improved model to get more informa-
tion about the tetraquark states. Further investigations are
definitely needed to understand the uncertainty in the present
model.
The studied tetraquark systems involve dominantly gluon-
exchange interactions. Besides the phenomenological models
relying on the one-gluon exchange potential and a confine-
ment function, other non-perturbative methods of QCD, such
as lattice simulation, QCD sum rule, and effective field the-
ories, are also appropriate tools to investigate the properties
of the triply-heavy tetraquark states. For the explicitly exotic
bbc¯q¯ and ccb¯q¯ states, the lattice QCD calculation does not suf-
fer from the annihilation effect and the simulation is relatively
easier. Such studies with various approaches will definitely
help us understand whether the genuine tetraquark states exist
or not.
V. CONCLUSIONS
There is a long history of searching for multiquark states. In
recent years, many exotic XYZ mesons are observed and good
tetraquark candidates have been found. However, it is diffi-
cult to distinguish the compact multiquark picture from the
molecular picture once two or more light quarks are involved
in the states. In other heavy quark cases, no appropriate bind-
ing mechanisms exist for loosely bound molecules and the
identification of compact multiquarks is possible. The triply-
heavy tetraquark systems provide us an opportunity to identify
genuine multiquark states. Their binding force is dominantly
provided by the gluon exchange interactions. Besides the ex-
plicitly exotic ccb¯q¯ and bbc¯q¯ states, the hidden exotic mesons
(excited D (Ds) and B¯ (B¯s) with much higher masses) are also
easy to be identified as genuine tetraquark states.
We have calculated the mass splittings and estimated the
rough masses of the QQQ¯q¯ tetraquarks where q = u, d, s
8TABLE III: Results for the bbb¯q¯ systems in units of MeV. The masses in the fifth column are calculated with the effective quark masses and
are theoretical upper limits. The last column lists masses estimated from the ΥB (ΥBs) threshold.
bbb¯n¯ system
JP 〈HCM〉 Eigenvalue Eigenvector Mass (ΥB)
2+ 24.5 24.5 1 15545.0 14782.4
1+
 −2.1 3.0 6.43.0 −2.7 −28.3
6.4 −28.3 9.9

 32.9−27.0−0.8

 {0.09,−0.62, 0.78}{0.25,−0.75,−0.62}{0.96, 0.25, 0.09}

 15553.415493.5
15519.7

 14790.714730.8
14757.1

0+
( −15.5 49.0
49.0 16.8
) (
52.2
−50.9
) [ {0.59, 0.81}
{−0.81, 0.59}
] (
15572.7
15469.6
) (
14810.1
14706.9
)
bbb¯s¯ system
JP 〈HCM〉 Eigenvalue Eigenvector Mass (ΥBs)
2+ 24.8 24.8 1 15723.9 14873.2
1+
 −2.9 2.3 4.82.3 −1.9 −29.4
4.8 −29.4 10.0

 34.2−26.9−2.1

 {0.06,−0.63, 0.78}{0.20,−0.75,−0.63}{0.98, 0.19, 0.08}

 15733.315672.2
15697.0

 14882.614821.5
14846.3

0+
( −16.8 50.9
50.9 16.4
) ( −53.8
53.4
) [ {−0.81, 0.59}
{−0.59,−0.81}
] (
15645.3
15752.5
) (
14794.6
14901.8
)
TABLE IV: Results for the ccb¯q¯ systems in units of MeV. The masses in the fifth column are calculated with the effective quark masses and
are theoretical upper limits. The last column lists masses estimated from the BcD (BcDs) threshold.
ccb¯n¯ system
JP 〈HCM〉 Eigenvalue Eigenvector Mass (BcD)
2+ 44.3 44.3 1 8908.6 8344.7
1+
 −9.1 −12.8 −27.2−12.8 3.7 −56.6−27.2 −56.6 19.5

 70.7−60.6
4.0

 {−0.16,−0.62, 0.77}{−0.48,−0.63,−0.61}{0.86,−0.47,−0.19}

 8935.08803.7
8868.3

 8371.18239.8
8304.4

0+
( −35.7 98.0
98.0 26.4
) ( −107.5
98.1
) [ {−0.81, 0.59}
{−0.59,−0.81}
] (
8756.8
8962.4
) (
8192.9
8398.5
)
ccb¯s¯ system
JP 〈HCM〉 Eigenvalue Eigenvector Mass (BcDs)
2+ 44.0 44.0 1 9086.9 8447.9
1+
 −9.3 −12.8 −27.2−12.8 4.5 −56.6−27.2 −56.6 19.6

 71.1−60.3
4.0

 {−0.16,−0.62, 0.77}{−0.48,−0.63,−0.61}{0.86,−0.47,−0.20}

 9114.08982.6
9046.9

 8475.08343.6
8407.9

0+
( −36.0 98.0
98.0 26.0
) ( −107.8
97.8
) [ {−0.81, 0.59}
{−0.59,−0.81}
] (
8935.1
9140.7
) (
8296.1
8501.7
)
TABLE V: Results for the bbc¯q¯ systems in units of MeV. The masses in the fifth column are calculated with the effective quark masses and are
theoretical upper limits. The last column lists masses estimated from the BcB (BcBs) threshold.
bbc¯n¯ system
JP 〈HCM〉 Eigenvalue Eigenvector Mass (BcD)
2+ 32.8 32.8 1 12225.2 11674.2
1+
 4.0 4.5 9.64.5 −24.3 −30.5
9.6 −30.5 6.3

 −44.826.7
4.1

 {0.18,−0.83,−0.53}{0.26,−0.48, 0.84}{0.95, 0.29,−0.13}

 12147.612219.1
12196.5

 11596.611668.1
11645.5

0+
( −10.4 52.9
52.9 27.6
) (
64.8
−47.6
) [ {0.58, 0.82}
{−0.82, 0.58}
] (
12257.2
12144.8
) (
11706.2
11593.8
)
bbc¯s¯ system
JP 〈HCM〉 Eigenvalue Eigenvector Mass (BcDs)
2+ 34.9 34.9 1 12405.9 11766.9
1+
 5.1 3.8 8.03.8 −29.1 −31.7
8.0 −31.7 5.5

 −48.925.5
4.8

 {0.14,−0.85,−0.51}{0.24,−0.47, 0.85}{0.96, 0.24,−0.14}

 12322.112396.5
12375.8

 11683.111757.5
11736.8

0+
( −9.9 54.9
54.9 30.0
) (
68.4
−48.3
) [ {0.57, 0.82}
{−0.82, 0.57}
] (
12439.4
12322.7
) (
11800.4
11683.7
)
9and Q = c or b. We list their decay patterns as shown in
the figures 1, 2, and 3 which may be helpful to experimental
search. If such a high mass cq¯-like state could be observed,
its tetraquark nature is easy to be identified. Moreover, such
a state should be accompanied by many partner states. We
want to emphasize that the derived mass splittings should be
reliable, although the present simple chromomagnetic interac-
tion model cannot give accurate predictions of the tetraquark
masses. However, one can get the masses of its partner states
using the mass splittings derived in the present work once a
QQQ¯q¯ tetraquark is observed in the future. Hopefully these
intriguing states can be searched for at LHC. The ccc¯q¯ may
also be produced at BELLE2.
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FIG. 2: Proposed ccb¯q¯ (left) and bbc¯q¯ (right) tetraquark states. The solid (dashed) line corresponds to the case q = u, d (q = s). The dotted
line indicates various meson-meson thresholds. When a number in the subscript of a meson-meson state is equal to the spin of an initial state,
the decay for the initial state into that meson-meson channel through S - or D-wave is allowed. The masses are given in units of MeV.
TABLE VI: Results for the bcb¯q¯ systems in units of MeV. The masses in the fifth column are calculated with the effective quark masses and
are theoretical upper limits. The last two columns list masses estimated from the ΥD (ΥDs) and BBc (BsBc) thresholds, respectively.
bcb¯n¯ system
JP 〈HCM〉 Eigenvalue Eigenvector Mass (ΥD) (BBc)
2+
(
32.3 −11.9
−11.9 43.9
) (
51.3
24.8
) [ {−0.53, 0.85}
{−0.85,−0.53}
] (
12243.7
12217.2
) (
11468.1
11441.7
) (
11692.7
11666.2
)
1+

−56.1 −12.3 23.6 11.9 20.0 −10.4
−12.3 0.8 14.0 20.0 0.0 −42.4
23.6 14.0 11.5 −10.4 −42.4 0.0
11.9 20.0 −10.4 −7.7 −4.9 9.4
20.0 0.0 −42.4 −4.9 −1.6 5.6
−10.4 −42.4 0.0 9.4 5.6 −22.9


−95.6
53.7
−47.5
31.0
−15.6
−2.2


{0.66, 0.35,−0.35,−0.27,−0.34, 0.36}
{−0.03,−0.39,−0.69,−0.02, 0.55, 0.26}
{−0.41, 0.48, 0.23,−0.18, 0.29, 0.66}
{−0.03, 0.70,−0.34, 0.29, 0.30,−0.46}
{0.62,−0.05, 0.48, 0.15, 0.60, 0.03}
{0.02,−0.03,−0.04, 0.89,−0.23, 0.40}


12096.8
12246.1
12144.9
12223.4
12176.8
12190.2


11321.3
11470.5
11369.4
11447.8
11401.3
11414.7


11545.8
11695.1
11593.9
11672.4
11625.8
11639.2

0+

−27.7 −9.7 23.8 73.5
−9.7 −36.8 73.5 0.0
23.8 73.5 −106.1 −24.2
73.5 0.0 −24.2 18.4


−165.4
73.3
−70.5
10.3


{−0.29,−0.48, 0.80, 0.22}
{0.58,−0.10,−0.07, 0.81}
{−0.74, 0.31,−0.24, 0.55}
{0.18, 0.82, 0.55, 0.02}


12027.0
12265.7
12121.9
12202.7


11251.4
11490.2
11346.4
11427.1


11476.0
11714.7
11570.9
11651.7

bcb¯s¯ system
JP 〈HCM〉 Eigenvalue Eigenvector Mass (ΥDs) (BsBc)
2+
(
32.3 −11.3
−11.3 44.7
) (
51.4
25.6
) [ {−0.51, 0.86}
{−0.86,−0.51}
] (
12422.4
12396.6
) (
11571.7
11545.9
) (
11783.4
11757.6
)
1+

−56.7 −13.2 22.6 11.3 19.2 −11.2
−13.2 0.4 13.3 19.2 0.0 −43.0
22.6 13.3 11.6 −11.2 −43.0 0.0
11.3 19.2 −11.2 −8.3 −5.3 9.1
19.2 0.0 −43.0 −5.3 −0.8 5.3
−11.2 −43.0 0.0 9.1 5.3 −23.2


−95.7
54.0
−47.0
31.5
−17.3
−2.5


{0.66, 0.36,−0.34,−0.27,−0.32, 0.37}
{−0.03,−0.37,−0.70,−0.00, 0.56, 0.25}
{−0.41, 0.47, 0.24,−0.16, 0.30, 0.66}
{−0.03, 0.71,−0.32, 0.28, 0.28,−0.48}
{0.62,−0.05, 0.48, 0.22, 0.58, 0.03}
{−0.02,−0.02,−0.08, 0.88,−0.27, 0.37}


12275.3
12425.0
12324.0
12402.5
12353.7
12368.5


11424.6
11574.4
11473.3
11551.8
11503.1
11517.8


11636.3
11786.0
11685.0
11763.5
11714.7
11729.5

0+

−28.5 −9.2 22.6 74.5
−9.2 −36.0 74.5 0.0
22.6 74.5 −107.3 −23.1
74.5 0.0 −23.1 18.0


−165.9
73.6
−72.9
11.3


{−0.28,−0.48, 0.80, 0.21}
{0.58,−0.10,−0.07, 0.81}
{0.75,−0.29, 0.24,−0.55}
{0.17, 0.82, 0.54, 0.03}


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
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TABLE VII: Results for the bcc¯q¯ systems in units of MeV. The masses in the fifth column are calculated with the effective quark masses and
are theoretical upper limits. The last two columns list masses estimated from the BcD (BcDs) and BJ/ψ (BsJ/ψ) thresholds, respectively.
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JP 〈HCM〉 Eigenvalue Eigenvector Mass (BcD) (BJ/ψ)
2+
(
42.7 −7.4
−7.4 48.3
) (
53.3
37.6
) [ {−0.57, 0.82}
{−0.82,−0.57}
] (
8917.6
8901.9
) (
8353.7
8338.0
) (
8435.0
8419.2
)
1+

−67.7 −0.9 31.1 7.4 26.4 −0.8
−0.9 11.6 8.7 26.4 0.0 −49.2
31.1 8.7 7.9 −0.8 −49.2 0.0
7.4 26.4 −0.8 −3.7 −0.4 12.4
26.4 0.0 −49.2 −0.4 −23.2 3.5
−0.8 −49.2 0.0 12.4 3.5 −15.7


−105.0
−63.5
56.7
41.0
−25.0
4.9


{0.73, 0.10,−0.43,−0.10,−0.50, 0.09}
{−0.14, 0.58, 0.04,−0.38, 0.08, 0.69}
{0.06, 0.70, 0.42, 0.22,−0.26,−0.45}
{0.07,−0.39, 0.71,−0.15,−0.50, 0.28}
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
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8936.5
8981.5
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9014.1
9048.4


8297.5
8342.5
8461.6
8444.6
8375.1
8409.4


8365.9
8410.8
8529.9
8512.9
8443.4
8477.7

0+

−25.9 −5.5 13.6 86.2
−5.5 −63.2 86.2 0.0
13.6 86.2 −127.9 −13.9
86.2 0.0 −13.9 31.6


−190.9
94.0
−85.4
−3.0


{−0.14,−0.56, 0.81, 0.11}
{0.58,−0.04,−0.03, 0.81}
{0.79,−0.17, 0.10,−0.57}
{0.10, 0.81, 0.57,−0.01}
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
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(ηbD)0,2
(ηbD
∗)1,2
(ηbDs)0,2
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(B∗sBc)1,2
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0+ 1+ 2+
(J/ψB)1,2
(J/ψB∗)0,1,2
(J/ψBs)1,2
(J/ψB∗s)0,1,2
(ηcB)0,2
(ηcB
∗)1,2
(ηcBs)0,2
(ηcB
∗
s )1,2
(DBc)0,2
(D∗Bc)1,2
(DsBc)0,2
(D∗sBc)1,2
FIG. 3: Proposed bcb¯q¯ (left) and bcc¯q¯ (right) tetraquark states. The solid (dashed) line corresponds to the case q = u, d (q = s). The dotted
line indicates various meson-meson thresholds. When a number in the subscript of a meson-meson state is equal to the spin of an initial state,
the decay for the initial state into that meson-meson channel through S - or D-wave is allowed. The masses are given in units of MeV.
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TABLE VIII: The diagonal of the matrix 〈HCM〉 and its eigenvalues for the various systems in the case JP = 1+ in the triquark-antiquark
configuration. The values are given in units of MeV.
System diag
(
〈HCM〉
)
Eigenvalues
ccc¯q¯ (−19.3,−5.8, 15.9) (−72.8, 69.4,−5.7)
ccc¯s¯ (−22.0,−6.3, 15.1) (−76.0, 67.1,−4.3)
bbb¯q¯ (0.4,−5.2, 9.9) (32.9,−27.0,−0.8)
bbb¯s¯ (−0.1,−4.7, 10.0) (34.2,−26.9,−2.1)
ccb¯q¯ (−12.6, 7.3, 19.5) (70.7,−60.6, 4.0)
ccb¯s¯ (−12.2, 7.4, 19.6) (71.1,−60.3, 4.0)
bbc¯q¯ (−10.6,−9.7, 6.3) (−44.8, 26.7, 4.1)
bbc¯s¯ (−14.1,−9.9, 5.5) (−48.9, 25.5, 4.8)
bcb¯q¯ (−29.7,−25.6, 11.5,−8.3,−1.1,−22.9) (−95.6, 53.7,−47.5, 31.0,−15.6,−2.2)
bcb¯s¯ (−31.1,−25.2, 11.6,−8.3,−0.8,−23.2) (−95.7, 54.0,−47.0, 31.5,−17.3,−2.5)
bcc¯q¯ (−15.7,−40.4, 7.9,−17.1,−9.9,−15.7) (−105.0,−63.5, 56.7, 41.0,−25.0, 4.9)
bcc¯s¯ (−15.5,−39.7, 7.1,−20.2,−10.2,−14.1) (−106.4,−61.4, 57.7, 40.7,−28.8, 5.5)
TABLE IX: Comparison for the masses of different meson systems
with only one light antiquark. The symbol (*) means that the system
is not constrained by the Pauli principle and the number of mesons
is doubled comparing to the states constrained by the Pauli principle.
The symbol ($) indicates explicitly exotic tetraquark states.
System Mass (GeV) System Mass (GeV)
bbb¯q¯ ∼ 14.7
(*)cbb¯q¯ ∼ 11.5 ($)bbc¯q¯ ∼ 11.6
($)ccb¯q¯ ∼ 8.2 (*)bcc¯q¯ ∼ 8.2
ccc¯q¯ ∼ 5.0 bq¯ ∼ 5.3
cq¯ ∼ 2.0
